Heat shock proteins (HSPs), originally identified as heat-inducible gene products, are a family of highly conserved proteins that respond to a wide variety of stress including oxidative stress. Although both acute and chronic oxidative stress have been well demonstrated to induce HSP responses, little evidence is available whether increased HSP levels provide enhanced protection against oxidative stress under elevated yet sublethal temperatures. We studied relationships between oxidative stress and HSPs in a physiological model by using Garra rufa (doctor fish), a fish species naturally acclimatized to different thermal conditions. We compared fish naturally living in a hot spring with relatively high water temperature (34.4 7 0.6°C) to those living in normal river water temperature (25.4 7 4.7°C), and found that levels of all the studied HSPs (HSP70, HSP60, HSP90, HSC70 and GRP75) were higher in fish living in elevated water temperature compared with normal river water temperature. In contrast, indicators of oxidative stress, including protein carbonyls and lipid hydroperoxides, were decreased in fish living in the elevated temperature, indicating that HSP levels are inversely associated with oxidative stress. The present results provide evidence that physiologically increased HSP levels provide protection against oxidative stress and enhance cytoprotection.
Introduction
Heat shock proteins (HSPs) are a highly conserved and ubiquitously expressed family of proteins that respond to a wide variety of physical and metabolic stress, including oxidative and thermal stress [1] [2] [3] . HSP response is usually transcriptionally regulated via the heat shock factor-1 (HSF-1), although posttranscriptional mRNA stabilization provides an additional mode of regulation [4] . Following exposure to various types of stress, the synthesis of HSPs is rapidly initiated [3] [4] [5] [6] . Subsequently, HSPs prevent protein denaturation and aggregation, and also assist in their re-folding [3, 6] . Both acute and chronic oxidative stress induce HSP responses [1] . However, there is little evidence available whether elevated HSP levels provide extra protection against oxidative stress.
HSPs are closely related to thermal tolerance that refers to an ability to survive in elevated temperatures in otherwise lethal acute stress stimuli. In contrast, acclimatization refers to chronic adaptation to altered non-lethal conditions. The desert pupfish living in hot springs in California and Nevada are generally considered as the most heat-tolerant fish species. Indeed, Cyprinodon diabolis lives in Devil's Hole, a hot spring with water temperature as high as 33.9°C. Moreover, a population of Garra rufa (doctor fish) living in Kangal hot spring in Turkey is dwelling in even more extreme temperatures lethal for most other fish species. Garra rufa is naturally found in the river basins of the Northern and Central Middle East, and they are capable of acclimatizing to live in the warm outdoor springs and pools fed by thermal springs with temperatures ranging from 33 to 35°C.
Although it is well accepted that oxidative stress induces protective HSP response in tissues, however, the protective role of physiologically elevated levels of HSP to oxidative stress has not been demonstrated. We therefore studied the association of elevated HSPs with oxidative stress markers by utilizing a physiological model of thermal stress adaptation in Garra rufa, acclimatized to different thermal conditions. The presence of a functional HSP system in this fish species has been recently confirmed [7] ; thus it was possible to evaluate the relationships between HSPs and oxidative stress by comparing populations of Garra rufa found in elevated water temperature in Kangal hot spring to those found in normal river water temperature. We sought evidence whether sustained elevation of HSPs can decrease oxidative stress and enhance cytoprotection.
Materials and methods

Sample collection
Specimens of Garra rufa were obtained from two different locations in Turkish province of Sivas: Hamam creek representing normal river conditions with water temperature of 25.4 74.7°C (C, n ¼20 fish) and Kangal hot spring representing elevated water temperature conditions (34.4 70.6°C) (HS, n ¼19 fish). The fish were caught by pulsed DC electrofishing equipment, immediately anesthetized with 100 mg/L of MS222 (Sigma, St. Louis, MO), and sacrificed thereafter. The fish were measured, weighted and dissected fresh on the ice blocks and lateral body wall muscles were immediately frozen in liquid nitrogen and stored at À 80°C until analysis. The fish caught from Hamam creek and Kangal hot spring was aged-matched.
Preparation of samples for Western blot analysis
The frozen fish samples were pulverized with a mortar under liquid nitrogen and sonicated in a buffer containing 25% glycerol, 0.42 mol/L NaCl, 1.5 mmol/L MgCl 2 , 0.2 mmol/L EDTA, 20 mmol/L HEPES, 5 mmol/L DTT and 5 mmol/L PMSF at þ4°C. Protein extracts (30 mg protein per lane) were electrophoresed together with molecular weight markers on SDS-polyacrylamide gel and transferred to a nitrocellulose membrane (Millipore, Bedford, MA) [5, 8] . Equal transfer was confirmed by reversible protein staining of the nitrocellulose membrane with Ponceau S (Sigma).
Western blot assay for stress protein expression
Samples were analyzed for expression of stress proteins using standard Western blot techniques, as previously described [5, 8] . After blocking with 5% (w/v) fat-free milk solution at 37°C for 60 min, the membranes were treated with following monoclonal antibodies with catalog numbers information 60 kDa HSP (HSP60-SPA-806), the 72 kDa inducible form of HSP (HSP70: SPA-810), the 73 kDa constitutive form of HSC (HSC70: SPA-815), the 90 kDa HSP (HSP90: SPA-835), glucose-regulated protein 75 (GRP75: SPA-825) (all from StressGen, Victoria, Canada) or β-actin (Sigma, A5441). Certain antibodies (HSP60, HSP70, HSP90 and β-actin) were tested for reactivity to fish by the manufacturer. In our hands, all primary antibodies used in this study reacted to the target proteins with high sensitivity and specificity. This was confirmed by the correct molecular mass of the protein and comparisons of the Western blot bands with those from other species where the antibody reactivity has already been tested. In addition, horseradish peroxidase-conjugated anti-mouse (StressGen, SAB-100), anti-rabbit (Calbiochem, La Jolla, CA, 401393) and anti-rat immunoglobulins (Zymed Laboratories, San Francisco, CA, 62-9520) were used as secondary antibodies. The membranes were developed with an enhanced chemiluminescence method (NEN Life Sciences, Boston, MA) and quantified using Scion Image software (ScionCorp, Frederick, ML).
Protein carbonyls assay
Protein carbonyls were measured using a modified ELISA method [5] . Briefly, protein derivatization was carried out in 1.5 mL tubes, and 45 mL of dinitrophenylhydrazine solution was added to each 15 mL of sample. The final protein concentration was 1 mg/mL. Absorbance was read at 490 nm using a microplate reader. All absorbances were blanked against PBS. A seven-point standard curve of oxidized BSA was included with each plate.
Lipid hydroperoxides (LPO) assay
Lipid hydroperoxides (LPO) in whole plasma were determined spectrophotometrically based on oxidation of Fe 2 þ to Fe 3 þ by lipid hydroperoxides under acidic conditions, followed by complex formation with xylenol orange [2] .
Statistics
Student's t-test for independent samples was used for group comparisons. The equality of variances was checked with Levene's test. Statistical significance was set at p o0.05.
Results
Water chemistry
Mean contents of dissolved oxygen content were lower in HS water environment compared to the C environment (4.6 7 0.8 vs. 7.0 72.1 mg/L, p o0.01), otherwise no significant difference was observed for water chemistry and heavy metal content (Ekmekçi et al., unpublished).
Stress protein expression by Western blot
Higher levels of HSP60 (p o0.001), HSP70 (po0.001), HSP90 (p o0.001), GRP75 (p o0.001) and HSC70 (p o0.01) were observed in HS muscle tissue compared with C (Fig. 1) .
Markers of oxidative stress
The levels of protein carbonyls and lipid hydroperoxides as indicators of oxidative stress were lower in HS compared with C (p o0.001, p o0.01 respectively) (Fig. 2) .
Discussion
The present study reports that all the investigated heat shock proteins (HSP70, HSP60, HSP90, HSC70 and GRP75) were increased in fish living in hot spring, characterized by substantially elevated water temperature compared to that found in normal river (mean values of 34.4 vs. 25.4°C). These increases in HSP levels were parallel to the decrease in protein carbonyls and lipid hydroperoxides, indicating decreased protein and lipid oxidation as a consequence of lower oxidative stress. Therefore, we suggest that acclimatization to elevated temperature results in HSPmediated adaptation and cytoprotection against oxidative damage.
We observed that increased HSP levels were associated with decreased oxidative stress markers in Garra rufa. This provides a novel fish model for acclimatization studies. The onset temperature for HSP synthesis may not be set for a given species, but may instead vary upon acclimatization conditions [9] [10] [11] [12] . We consider the heat stress in hot spring to be sufficient for HSP response (mean temperature 34.4°C), since the temperature threshold in fish has been reported to vary from 28 to 33°C [13, 14] . Moreover, the turnover of HSP70 mRNA seems to be longer in fish than in other species [15] and increased levels of stress proteins in fish living close to their temperature survival may be an adaptive response to maintain correct protein folding under chronic heat stress.
In addition to the major inducible HSP70, our chronic heat stress model also demonstrated increases in the levels of the constitutively expressed HSC70. While HSC70 acts as an important chaperone in non-stressed cells, its role upon exposure to stress is unknown. Our results are in line with previous studies in which HSC70 induction was observed upon exposure of Zebrafish embryos to heat shock [16] and during caudal fin regeneration [17] . Together with the HSP70 family of proteins, HSP90 regulates steroid-hormone response, protein translocation and degradation [18] , all crucial systems in chronic stress. The HSP90 and HSP70 proteins have been shown to prevent apoptotic cell death, while HSP60 is linked to pro-apoptotic signaling [19] Thus, the increased HSP levels found in the present study may be crucial for protein repair, regulation of stress-hormone response, protein synthesis and degradation, prevention of apoptosis, and in cellular signaling optimized to the high temperature in Garra rufa.
In the present study, thermal stress increased HSP levels that associated with lower protein and lipid oxidation, providing evidence that physiological increase in HSP levels can protect against oxidative stress. In contrary, other inducers of HSP response, including heavy metals or environmental toxins, hypoxia, handling, crowding, osmotic stress and cold shock induce oxidative stress in fish [20, 21] . Nutrition may also account for the HSP response [22] , and adds a potential variable between the two geographical aquatic locations used in the present study. It must be emphasized, however, that since the mean dissolved oxygen content was significantly lower in high aquatic temperature compared to the normal river environment, the fish living in the elevated temperature environment were exposed to relative hypoxia. It has been recently shown that tissue hypoxia is associated with mitochondrial dysfunction and a subsequent increase in the generation of excessive quantities of ROS [23] . This paradoxical increase in ROS production and subsequent development of oxidative stress in hypoxic environment has also been reported in fish [24] and other species [25] . Therefore, the lower levels of oxidative stress observed in those fish with increased HSP levels indicate enhanced HSP-mediated protection against oxidative damage. In conclusion, our results provide evidence that physiological increases in HSP levels protect against oxidative stress. Moreover, our results underline the use of Garra rufa as a useful fish model to study mechanisms of environmental acclimatization.
